WO 98/3*2o^ — PCT/US98/04513 



82 



We Claim: 



10 



15 



20 



25 



30 



1. A method for purifyini a mixture comprising single-wall carbon 
nanotubes and amorphous carbon com aminate, said method comprising the steps 



5 of: 



(a) heating said mixture under oxidizing conditions sufficient to remove 
the said amorphous cacbon and 

(b) recovering a product comprising at least about 80% by weight of 
single-wall carbon nam tubes. 

2. The method of claim 1 \ therein said oxidizing conditions comprise 
an aqueous solution of an inorganic ox dant. 

3 The method of cl?fm\2 wherein said inorganic oxidant is selected 

1 1, a mixture of sulfuric acid and hydrogen 
immixtures thereof 

lerein said aqueous solution is heated to 



from the group consisting of 
peroxide, potassium perman 

4. The method ofjcl 

reflux. 

5. The method 
the oxidized product of step (b 

6. The method o 
comprises contacting said prod 



comprising the step of subjecting 
sationiffo^iion treatment. 
:laim 3 wherein said saponification treatment 
with | basic solution. 



10. 



v. The method of a claim 6 wherein said basic solution comprises 
sodium hydroxide. 

8. The method of claim 6 additionally comprising the step of 
neutralizing the saponified product with an acid 

9. 



The method of claim 8 v herein said acid is hydrochloric acid. 
The method of claim 8 ad iitipnally comprising the step of recovering 



a solid product from the saponified, neu tratized product. 

11. The method of claim 1C wherein said product is recovered by a 
method selected from the group consisting of filtration, settling by gravity, chemical 
flocculators, and liquid cycloning. 
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Example 10. Composite material ycdntaining carbon nanotubes. 

One gram of purified single walled fullerene nanotubes is dispersed 
in 1 liter of dichloro-ethane, together wim 10 grams of Epon epoxy. The hardener 
is added to the solvent removed by vajpuum rotary evaporation. The resultant 
fullerene nanotube-epoxy composite is tflen cured at 100°C for 24 hours. 

Alternatively, a carbon' Sb*r, fullerene nanotube composite can be 

prepared by drawing one or more continue us carbon fibers or woven carbon fiber 

• . ■ ■• \ - 

tapes through a vat containing the. alove dichlorqethane epoxy nanotube 
suspension, and then winding this impr 
curing in an autoclave in a fashion 



industry (see, e^ D.L. Chung, Car 
superior delamination resistance is 
composite strengthen the epoxy b 
composite is produced if one uses full^p m i 
and the tangled nanotube strengtheners 



ued tope around a desired form. After 
the carbon fiber-epoxy composite 
mpo5ites {\99Ai)) t a composite of 
fullerene nanotubes within the 
m fiber layers. A superior 
for both the woven tape layers 
thin the epoxy phase. 




Modification and variations of the methods, apparatus, compositions 



and articles of manufacture described hereir 
art from the foregoing detailed description 



will be obvious to those skilled in the 
Such modifications and variations are 



intended to come with the scope of the appended claims. 
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12 The method of claim BO wherein said solid product is a paper-like 
two dimensional product. 

: additionally comprising the step of drying 



The method of claim 1 



13. 

the product. 

14. The method of claim |3 wherein said product is dried at about 
850° C in a hydrogen gas atmosphere. 



15. The method of claim 1 




said product comprises at least about 



90% by weight of single-wall carbon na lotubes 



i said product comprises at least about 

r carbon molecules of about 5 to 500 

ng-material to form a mixture 
tag lengths in the range of 5-500 



16. The method of claim 1 wlerein said product comprises at least about 
95% by weight of single-wall carbon na! totubes. 

17. The method of claim 1 
99% by weight of single- wall carbon 

18. A method for producing tx 
nm in length, said method comprisinj ; 

(a) cutting singl 
of tubular carbon mol 
nm; 

(b) isolating from said mixture ofltubular carbon molecules a fraction of 
said molecules having substantially equal lengths. 

19. The method of claim 1 8 wherein said cutting single-wall nanotubes 
into tubular carbon molecules comprising the steps of: 

(a) forming a substantially two-dimensional target containing single- 
wall nanotubes of lengths up tp about one micron or more, and 

(b) irradiating said target with a 

20. The method of claim 19 



i energy beam of high mass ions. 
1 a high energy beam is produced in 



a cyclotron and has an energy of from about Gil to about 10 GeV. 

21. The method of claim 19 wherem said high mass ion has a mass of 
greater than about 150 AMU. 

22. The method of claim 21 wherein ^aid high mass ion is selected from 
the group consisting of gold, bismuth and ur _ a 
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23 The method of claim of 22 
24. The method of claim 1 8 whe 
into tubular carbon molecules comprises th 

(a) forming a suspension of sii; 

(b) sonicating said suspensior 



lerein the high mass ion is Au° 3 . 
in said cutting single-wall nanotubes 
steps of: 
|le-wall nanotubes in a medium; 
th acoustic energy. 



25. The method of claim 24 Wh wein said acoustic energy is produced 
by a device operating at 40 KHz and havin \ an output of 20 W. 

26. The method of claim 18 wh< rein said cutting single-wall nanotubes 
into tubular carbon molecules comprises remixing single wall nanotube material in 
concentrated HNO,. 

27. The method of clainKl9| farther comprising the step of heating the 
tubular carbon molecules to form ajh^pheric fiillerene cap on at least one end 
thereof 

28. The method of claim ^8] Aether 
tubular carbon molecules with 
at least one substituent on at leasfone 

29. The method of claim 26 
tubular carbon molecules with a materili 



30 



>nsing the step of reacting said 
ich provides at the reaction conditions 
f said tubular carbon molecule 
fijrther comprising the step of reacting said 
liich provides at the reaction conditions 
at least one substituent on at least one ofUiid ends pf said tubular carbon molecule. 

30. The method of claim 28^r 29 wherein said substituent is selected 
from the group consisting of each may & independently selected from the group 
consisting of hydrogen; alkyl, acyl, Uryl, aralkyl, halogen; substituted or 
unsubstituted thiol; unsubstituted or substituted aniino; hydroxy, and OR' wherein 
R' is selected from the group consistinglof hydrogen, alkyl acyl, aryl aralkyl, 
unsubstituted or substituted amino; substitufl^ or unsubstituted thiol; and halogen; 
and a linear or cyclic carbon chain optionally interrupted with one or more 
heteroatom, and optionally substituted withlone or more =0, or =S, hydroxy, an 
aminoalkyl group, an amino acid, or a peptide of 2-8 amino acids. 

rSh. A method f r forming a macroscopic molecular array of tubular 
carbon molecules, said method comprising the steps of: 
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(a) providing at least about 10 6 tubular carbon molecules of 
substantially similar length in die range of 50 to 500 nm; 
introducing a linking moiety onto at least one end of said tubular 
carbon molecules; 

providing a substrate coated with a material to which said linking 
moiety wiBjtftach; and 

contacting said tubular carbon molecules rontaining a linking moiety 
with said substrate. £fj 

The method of claim 31 wherein said substrate is selected from the 
group consisting of gold, mercury and indhxm-tin-oxide. 

33. The method of claim 32 whe&n sai^ ^ngj noigg^s selected from 
the group consisting of -S-, -S-<CH^-NhJ and -SiC^CH^NHj. 

^34. A method ror forming a macroscopic molecular array of tubular 
carbon molecules, said metHpd comprising the steps of: 

(a) providing a ninoscale aiTay of microweils on a substrate; 
depositing a nfcetal catalyst in each of said microweils; and 



(b) 



(c) 



(d) 



32. 



20 



25 



(b) 

(c) directing a 
substrate ui 
nanotubes 
35. Themeth* 
electric neid in the vicini 
nanotubes growing from sai 
(36j A method fo 
carbon molecules, said methoi 

(a) provii 
endless single- 

(b) subjecting said 
short lengths of 
and 



of hydrocarbon or CO. feedstock gas at said 
onditions that effect growth of single-wall carbon 
ch micro well. 
1 34 further comprising the step of applying an 
trate to assist in the alignment of said 

tg a macroscopic molecular array of tubular 
imprising the steps of: 

containing purified but entangled and relatively 
carbon nanotube material; 

to oxidizing conditions sufficient to cause 
nanotubes to protrude up from said surface; 
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(c) applying an electric fiek ko said surface to cause said nanotubes 
protruding from said sui f ice to align in an orientation generally 
' perpendicular to said surf t:e and coalesce into an array by van der 
Waals interaction forces. 
37. The method of claim 36 w lerem said oxidizing conditions comprise 
heating said surface to about 500°C in aA atmosphere of oxygen and C0 2 . 

^38. }l A inethod of forming a macroscopic molecular array of tubular 
carbon molecules, said method comprising the step of assembling subarrays of up 



wne 



to 10 6 single-wall carbon nanotubes into z 
39. v fhem^odofdai^ 

of hanotul>es! 

* 40. the method of claim 3 

of nanotubes. 

41. The method of c 

to the method of any of claims 3 I, 34 
" 42J A method for continu 

comprising at {east about 10* single-wall 

said method comprising the steps of: 
(a) 



smposite array, 
t all the subarrays have the same type 



Jin 



the subarrays have different types 
subarrays are made according 



growing macroscopic carbon fiber 
Mtubes in generally parallel orientation. 



30 



(b) 
(c) 
(d) 

(e) 



providing a macroscopic i lolecular array of at least about 10* 
tubular carbon molecules in generally parallel orientation and having 
substantially similar lengths in the range of from about 50 to about 
500 nanometers; 

removing the hemispheric fi ijlerene cap from the upper ends of the 
tubular carbon molecules in said array; 
contacting said upper ends of the tubular carbon molecules in said 
array with at least one catalytic metal; 
supplying a gaseous source ofl carbon to the end of said array while 
applying localized energy to thjpjend of said array to heat said end to 

>ut 500° C to about 1300° C; and 
iwing carbon fiber. 



a temperature in the range of j 
continuously recovering the ; 
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43 The method of claint 42 wherein jfeid fullerene caps are removed by 
heating in an oxidative environment. 

44. The method of claim 43 wjtferein said oxidative environment 
comprises aqueous etching with nitric acid or t phase etching at temperatures of 
about 500°C in an atmosphere of oxygen ana C0 2 . 

45. The method of claim 42 ^wherein said cataiyuc metai is selected from 
the group consisting of Group VIII transition metals, Group VI transition metals, 
metals of the lanthanide series, metals of t|e actinide series, and mixtures thereof 

46. The method pf 45 w^ein said catalytic metal is selected from 
the group consisting of Fe, Co, Ni, Ru, 1$, Pd, Os, Ir and Pt. 



\ to 



rein said catalytic metal is selected from 
i mixtures thereof 

ein said catalytic metal is selected from 



said catalytic metal is deposited in 
luster. 

wherein said metal atom cluster has from 



47. The method pf claim 
the group consisting of Fe, Ni, and C 

48. The method of claim 4 
the group consisting of Cr, Mo, and 

15 49. The method of 

situ on each nanotube as a metal ato 

50. The method of clainj 49 
about 10 to about 200 metal atoms 

51. The method of claim 42 1 therein said catalytic metal is deposited as 
20 preformed nanoparticles. 

52. The method of claim 5 1 wherein said catalytic metal is Mo. 
53 . The method of claim 42 ivherein said catalytic metal is deposited in 

the form of a metal precursor selected fr : m the group consisting of salts, oxides and 
complexes of said metal. 
25 54. The method of claim 42 \ therein said catalytic me^ is deposited by 

evaporating metal atoms and allowing th< an to condense and coalesce on said open 
nanotube ends. 

55. The method of claim 54|wherein said evaporation is effected by 
heating a wire or wires containing said catalytic metal. 
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56. The method of claim 54 therein said evaporation is effected by 
molecular beam evaporation. 

57. The method of claim 4i wherein gaseous source of carbon is 
selected from the group consisting of hyflrocarbons and carbon monoxide. 

5 58. The method of claim 57 vlherein said hydrocarbon is selected from 

the group consisting 6falkyls/ac^ i to 7 carbon atoms 

59. The method of claim 58 wherein said hydrocarbon is methane, 
ethane, ethylene, acetylene, acetone; prtpanc, propylene and mixtures thereof 
• 60. The method of claim 42[wherein said localized energy is provided 
10 by a laser beam. 

61. The method of claim 
by a source selected from the group 



^erein said localized energy is provided 
ang of a microwave generator, an R-F 



end is heated to a temperature 
ing at least about 80% by weight 
63 comprising at least about 90% by 



coil and a solar concentrator. 

62. The method of claim j 
1 5 in the range of about 900°C to i 

'' 63 / A composition of letter Icomi 
of single-wall carbon nanotubes. 

64 The composition jbf clair 
weight of single-wall carbon nanotubes. 
20 65. The composition of clainj 63 comprising at least about 95% by 

weight of single-wall carbon nanotubes. 

66. the composition of daini\63 comprising at least about 99% by 
weight of single-wall carbon molecules. 

G?l) A substantially two-dimenMonal article comprising at least about 
25 80% by weight of single-wall carbon nanotubes. 

68, The article of claim 67 comprising at least about 90% by weight of 
single-wall nanotubes. 

69. The article of daim 67 comprising at least about 95% by weight of 
single-wall nanotubes. 
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70. The article of claim 67 
single-wall nanotubes. 

7 1 The article of claim 67 
72. A tubular carbon molefciile 



cttnprising at least about 99% by weight of 



ip the form of a paper-like material, 
having the following structure: 



10 



where 



15 



20 



where 



25 
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in 



substantially defect-free 
^cylindrical graphene sheet 
ptionally doped with noncarbon 
) having from about 10 2 to 10 6 
carbon atoms; 



R,R\R\R 3 ,R\ andR* 



is a hemispheric fiillerene cap having 
at ieast six pentagons and the 
remainder hexagons; 

is a number from 0 to 30; and 

may be independently selected from the 
gr^up consisting of hydrogen; alkyl, acyl, 
, aralkyl, halogen; substituted or 
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unsubstituted thiol; unsubstituted or 
substituted amino; hydroxy, and OR* 
wherein R' is selected from the group 
consisting of hydrogen, alkyi, acyl, aryl 
aralkyl, unsubstituted or substituted amino; 
substituted or unsubstituted thiol; and 
halogen; and a linear or cyclic carbon chain 
optionally interrupted with one or more 
heteroatom, and optionally substituted with 
one or more =0, or =S, hydroxy, an 
aminoalkyt group, an amino acid, or a 
peptide of 2-8 amino acids. 

said graphene sheet has a 
single-wall carbon nanotube. 

rein said molecule has a length from 




73. The molecule o< 
configuration that corresponds l 

74. The molecule < 

about 5 to about 1000 nm. 

■*■ .< ", 

75. The molecule of < 

about 5 to about 500 nm. 

76. The molecule of claiii jp wherein n is 0 to 12. 

77. The molecule of claimTO further comprising at least one endohedral 



74 wherein said molecule has a length of from 



species. 



1 



30 



78. The molecule of claim yiwheretn said endohedral species is selected 
from the group consisting of metaft atoms, fullerene molecules, other small 
molecules and mixture thereof. 

79. The molecule of claim 78lsomprising a (10, 10) single-wall nanotube 
containing at last one endohedral species selected from the group consisting of 
C 7(h or mixtures thereof. 

80. The molecule of claim 7£ wherein said C w or additionally 
contains an endohedral substituent selected from the group consisting of metal 
atoms and metal compounds. 
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,J*ly A macroscopic molecular arfay comprising at least about 10 6 single- 
wall carbon nanotubes in genially para lei orientation and having substantially 
similar lengths in the range of from about 5 to about 500 nanometers. 

82. The array of claim 8 1 whet sin said nanotubes are of the same type 



type. 



83. 
84. 

85. 
86. 
87. 



The array of claim 82 whei ein said nanotubes are of the fan) type. 



The array of claim 83 w 



erein said nanotubes are of the (10,10) 



The array of claim 83 wher sin said nanotubes are of the (m,n) type. 
The array of claim 81 whei an said nanotubes are of different types 
The array of claim 8 1 furth sr comprising a substrate attached to one 

perpendicularly to the nanotubes in said 



end of said array and oriented substantial! j 
array. 

88. The array of claim 

surface. 

89. The array of claim 87j 
from the group consisting of go 

90. The array of claim 8^ whdrein 



terein said substrate is a bucky paper 



^substrate is a metal layer selected 
I indium-tin-oxide, 
a cShtral portion of nanotubes are of 



the (n,n) type and an outer portion* of in jnotubes are of the (m,n) type. 



^91. A macroscopic carbon fib r comprising at least about 1 0* single-wall 
20 carbon nanotubes in generally parallel o mentation. 

92. The fiber of claim 91 < mnprising at least about 10' single-wall 
carbon nanotubes. 

93. A composite fiber compr sing a plurality of the fibers of claim 91 . 

94. A molecular template arr y for growing continuous length carbon 
25 fiber comprising a segment of the fiber o ' claim 91. 

95. The fiber of claim 91 havJ lg a length of at least 1 millimeter. 

96. The fiber of claim 91 when in a substantial portion of said nanotubes 
are of the (n,n) type. 

97. The fiber of claim 91 whejrein all of said nanotubes are not of the 
30 same type. 
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98. A wmposite articlefofk^ 

selected from the group consisting of Jjfetals, polymers, ceramics and cermets, said 
matrix having embedded in at least a jSLon thereof a property enhancing amount 
of the carbon fibers of claim 91. 

99, The composite articld of claim 98 wherein said property is structural, 
mechanical electrical, chemical, optical, or biological. 



100. 



A high voltage poiver transmission cable wherein at least one 



conductor comprises a continuous bubon fiber according to claim 96 



101. The power transmi 
conductor and a coaxially disposec 



lion cable of claim 1 00 wherein both a central 
outer conductor are formed from said carbon 
fiber and an insulating layer is disp< >sed therebetween. 

102. The power transitu? ijon cable of claim 101 wherein said insulating 
layer is an air space. 

103. The power transfn s ton cable of claim 101 wherein said insulating 

consisting of insulating carbon 

(m,n) type and insulating BN fiber made 
thereof. 

ig broad spectrum light energy into electrical 



layer comprises a material selec c i 
fiber made from carbon nanotub e s, 
from hexaboronitride nanotu 
104. A solar cell for 



cument comprising a molecular array i xording to claim 81 as the photon collector. 
20 1 05 The solar cd! of claim }04 additionally comprising a photoactive dye 

coupled to the upper ends of the nanbtubes in said array. 

106. A bistable, nonvolatile memory bit comprising the endohedrally- 



loaded tubular carbon molecule of 

107. The memory bit of clai 



1 77. 



106 wherein the tubular carbon molecule 
is formed from a (10,10) type nanotuKeland the endohedral species is a or Cy 0 
fiillerene molecule. 

1 08. A bistable, nonvolatile mfemory device comprising the memory bit 
of claim 106, means for writing to said bit and means for reading said bit. 

109. The memory device f cjdjm 108 wherein said means for writing 

direct a voltage pulse of positive or 



30 comprises a nanocircuit element adapt* 
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negative polarity at said bit to cause sajcj endohedral species to move from a first 
end to a second end of said bit. 

110. The memory device of cljujn 108 wherein said means for reading said 
bit comprises 

(a) a first nanocircuit elenle it adapted to be biased at a first voltage 
(V,^ and spaced from a read end of s&d bit to form a first gap therebetween; and 

(b) a second nanocircuit eh ment adapted to be biased to ground voltage 

said bit to form a second gap, whereby the 
unambiguously determined by the presence 



(V G ) and spaced from said read end o 
presence of said endohedral species is 



of current tunneling across said first a nd second gaps. 

111. A microporous mod | for an electrochemical cell comprising a 
molecular array according to clatnrB 

112. A lithium ion se^qndar 
a cathode comprising LiCo0 2 aitdl an < 
intercalating compound (FIC 
conditions. 

(\Xl) An apparatus 
from a macroscopic molecular t 



^attery comprising the anode of claim 111, 
tc electrolyte wherein a fullerene 
forms at the anode under charging 



fon fiing a continuous macroscopic carbon fiber 

tpiate array comprising at least about 10 6 single- 

9 \ 

wall cartwn nanotubes having a catal; rtic metal deposited on the open ends of said 
nanotubes, said apparatus comprisinj ;:! 

(a) means for iocaiiy hca ing only said open ends of said nanotubes in 
said template array in \ growth and annealing zone to a temperature 
in the range of about >0p o C to about 1300°C; 
means for supplying a carbon-containing feedstock gas to the 
growth ami annealing gone immediately adjacent said heated open 



(b) 



ends of said nanotubes 



said template array; arid 



(c) means for continuous! r removing growing carbon fiber from said 
growth and annealing zone while maintaining the growing open end 
of said fiber in said growth and annealing zone. 
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1 1 4. The apparatus of claim j\ 1 3 
comprises a laser. 

115. The apparatus of claim 1 
maintained at a vacuum by evacuation me 

116. The apparatus of claim 1 15 $ rther comprising a vacuum feed lock 



lerein said means for locally heating 
enclosed in a growth chamber 



4 



A composite material comprising: 



zone through which said continuously prod, 
up roll at atmospheric pressure. 

117. 

(a) 

(b) 
1 18 

a polymer. 
119. 



lited 



a matrix; and 
a carbon nanotube materia 



carbon fiber is passed and a take- 



;mbedded within said matrix. 



The composite material of IbU )m 1 17, wherein said matrix comprises 

claim 118, wherein said polymer 



The composite materi^ 
comprises a thermosetting polymer. 
IS 120. The composite 

polymer is selected from the group 
vinyl esters, epoxies, phenolics, c 
polyimides. 

121. The composite material 
20 comprises a thermoplastic polymer, 

122. The composite material ofic aim 121, wherein said thermoplastic 
polymer is selected from the group coy 
polycarbonates, polyphenylene oxides. 



19, wherein said thermosetting 
lalic/maelic type polyesters, 
ismaleimides, and nadic end-capped 



of claim 118, wherein said polymer 



feting of polysulfones, polyamides, 
lysulfides, polyether ether ketone, 



polyether sulfones, polyamide-imides, polyc therimides, polyimides, polyarylates, 
25 and liquid crystalline polyesters. 

123. The composite material of da|Jn i 17, wherein said matrix comprises 

a metal. 

124. The composite material of claijn 1 17, wherein said matrix comprises 
a ceramic. 
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125. ^cofap^m^k^m 117,.wherein said matrix comprises 
a cermet. . .. v . / 

126. The composite material of<laim 117, wherein said carbon nanotube 
material comprises tubular carbon nanotu be molecules. 

127. The composite inaterial o|Jaim 117, wherein said carbon nanotube 
material comprises ropes up to about 10 SWNTs. 

1 28. The composite material of < laim 1 17, wherein said carbon nanotube 

0*SWNTs: 

of claim 126. 127, or 128. further 



material comprises fibers of greater than 

/ . . r : ... j 

129. The composite material 
comprising an additional fibrous material 



130. 



carbon nanotube material is modified to 

y}]) A method for product 
nanotube material comprising: 

(a) preparing a matrix 

(b) combining a carbon 
precursor; and 

(c) forming said composi 
1 32, The method of claim 1 

combined with said matrix material pi 



The composite materia) o;' claim 126, 127, or 128, wherein said 

f 




with said matrix material, 
mposite material containing carbon 

An r 

.erial with said matrix material 



terein said carbon nanotube material is 
>r before said step of forming. 
1 33 . The method of claim 131, Whferein said carbon nanotube material is 



combined with said matrix material precursor during said step of forming. 



,134. The method of claim 



131, whiirei 



combined with said matrix material precirsor immediately after said step of 
forming. \ 

135. The method of claim 131, whc rein said matrix material precursor is 
caused to flow around a pre-fonned arrangem nt of said carbon nanotube material. 

(J36> A method of producing a composite material containing carbon 
nanotube material comprising: 

(a) preparing an assembly of a fiblous material; 



'ein said carbon nanotube material is 
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.(b) adding said carbon nanotube material to said fibrous material; and 
(c) adding a matrix material precursor t<4 /said carbon nanotube material 
and said fibrous material. I 

137. The method of claim 136, whe rim' said fibrous materials are 
arranged in a two-dimensional sheet, and some por ion of the said carbon nanotube 
material is oriented in a direction other than paral el to said sheet. 

138. The method of claim 131 or 136 wherein said carbon nanotube 
material comprises tubular carbon nanotube mbh rules. 

„ i 139. The method of claim 131 or 13f . wherein said carbon nanotube 

material comprises ropes of up to about 10 3 S> 

140. the method of claim 131 or 13$, wherein said carbon nanotube 
material comprises fibers of greater than \&S\ 

( 141.' ' A three-dimensional structure tmt selfWssmbles (mm dmvmzeu 
single-wall carbon nanotube molecules compfisin 5: 

a plurality of multifunctional single-\ 
said three-dimensional structure. 

1 42. The three-dimensional structure df clainNk 1 , wherein said single- 
wall carbon nanotubes have multifunctional derivatives on their end caps. 

143. The three-dimensional stricture ifLlaim 141, wherein said single- 



notubes assembled into 



ives at multiple locations on said 



wall carbon nanotubes have multifunctional de 
single-wall carbon nanotubes 

144. The three-dimensional structure 
wall carbon nanotubes are assembled as a result 1 

145. A three-dimensional structuip 
25 electromagnetic properties. 

146. The three-dimensional structure of claim 145, wherein said 
electromagnetic properties are determined by a 

147. A three-dimensional structure ot 

148. A three-dimensional structure 
30 symmetrical. 



of claim 141, wherein said single- 
of van der Waals attractions. 

claim 141, which has 



functionally-specific agent, 
clair \ 141, which is symmetrical, 
of claim 141, which is not 
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of claim 141, which has biological 
of claim 149, which operates as a 



97 

149. A three-dimensional structure 
properties. 

1 50. A three-dimensional structur p 
catalyst for biochemical reactions. 

151. A three-dimensional structur^ of claim 149, which interacts with 
living tissue 

1 52. A three-dimensional structure J 
for interaction with functions of a biologic 

153. A light harvesting antenna < 
at least one single-wall carbon nanol 

one nanotube having a length selected rela 



1 



f claim 149, which serves as an agent 
system, 
iprising: 

conductive element, said at least 
to a desired current level and a 



(claim 153, wherein said at least one 
barrier. 

tas of claim 153. 

of claim 155, wherein said 




desired voltage level 

1 54. The light harvesting ani 
single-wall carbon nanotube forms a 
15 155. An array of light harv 

156. The array of light 
array is formed by self-assembly. 

1 57. A molecular electron/c com 
wall carbon nanotube 

20 158. The molecular electronic com >onent of claim 157, wherein said 

molecular electronic component is a bridgl circuit for providing full wave 
rectification, said bridge circuit comprising: 

four single-wall carbon nanot >es, each of said four single-wall 
carbon nanotubes forming one edge of a jouare and linked to two of four 
25 buckyballs, each of said four buckyballs locate d|at a corner of said square 



1p( j 



lent comprising at least one single- 



159. The bridge circuit of claim 158, 



wall carbon nanotubes are derivitized to include functionally specific linking agents. 
1 60. A molecular electronic componec t of claim 1 57, which is a fullerene 

diode. 



vherein said buckyballs and angle- 
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161. A nanoscale manipulato^cj|riiprising at least one single- wall carbon 
nanotube. 



If #v 1. 

.162. The nanoscale manipMdrfof claini 161, which is nanoforcepts 
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